Unmanned surface vessel (USV) has been widely applied due to its advantages in the maritime security inspection and resources exploration. Good trajectory tracking performance is a critical issue in the control design of USV. However, most of the existing controllers are designed based on linear dynamic model or do not well consider the integrated effect nonlinearities, various uncertainties (e.g., modeling error and parameter variations) and external disturbance (wind, wave, current, etc). In this paper, a nonlinear dynamic model is established for USV with the integrate consideration of these issues, and a disturbance-observer-based sliding mode control design is subsequently proposed to achieve the good tracking performance, where the observer is to estimate and compensate the modeling uncertainties and external disturbance. Theoretically, the stability of the observer and overall closed-loop system of USV are guaranteed via the Lyapunov theorem. The comparative simulation is carried out, and the results show the fast response, better transient performance and robustness of the proposed control design.
I. INTRODUCTION
The maritime security inspection and resources exploration have raised much attention in recent years. As an transport platform, unmanned surface vessel(USV) can undertake the long-time, wide-range and low-cost oceanic tasks. With the development of advanced mechatronics [1] - [4] , the USV has been applied in a wide range of military and commercial application fields [5] - [8] , such as environmental inspection, geophysical exploration, oceanic data collection, maritime search and rescue, etc.
With the complex working conditions include wind, wave and current, the nonlinear USV has become a hotspot, and to achieve the precise trajectory tracking is still challenging [9] , [10] . The linearization of nonlinear dynamics for USV and the corresponding linear control design is an effective The associate editor coordinating the review of this manuscript and approving it for publication was Jinpeng Yu. approach, which will have good performance around the specific equilibrium point. Namely, Jongho Shin et al. [11] proposes an adaptive path-following control algorithm for an USV based on an identified linear dynamic model, where the virtual control input, dynamic surface and adaptive terms are used to deal with matched and unmatched uncertainties. Ning Wang et al. [12] proposed a finite-time observer based control scheme for the USV tracking with time-varying and large slideslip angles and unknown external disturbances. Subsequently, a fuzzy unknown observer is designed in [13] to estimate multiple unknowns of USV including unmodeled dynamics, uncertainties and disturbances. Though these studies with linear USV model have good capacity of path tracking at specific equilibrium point, they are only suitable for some specific trajectories (e.g., straight-line path). Actually, the USV is not always working at the specific equilibrium point, and there exists the external disturbance from the complex oceanic conditions (wind, wave, current, etc), which can result in the USV away from the equilibrium point, and even exacerbate the USV's tracking performances [14] . Besides, the various uncertainties (e.g., modeling error and parameter variations) in the USV cannot be well handled with the aforementioned linear USV model. Thus, the approach to linearize USV dynamic model cannot be well applied in the consideration of nonlinearities, various uncertainties and external disturbance.
Recently, in view of the above issues, some relevant nonlinear control algorithms have been conducted [15] - [19] , such as back-stepping control, sliding mode control, model predictive control, network-based control, etc. Jianda Han et al. [20] developed a nonlinear modeling scheme-the active modeling enhanced quasi-linear parameter-varying model for a water-jet propulsion USV system. A nonlinear version of the Kalman filter-based active modeling method is developed to estimate the unstructured model to eliminate the modeling errors. To improve the transient performance for pathfollowing control of USV with oceanic disturbances, Chuan Hu et al. [21] proposed a disturbances observer-based composite nonlinear feedback controller, which could restrain system overshoots and eliminate steady-state errors while dealing with multiple oceanic disturbances. Lokukaluge P.Perera, et al. [22] proposed a pre-filter based sliding mode approach to control the USV steering system, which does not require accurate dynamics and could deal with bounded disturbances. Bong Seok Park, et al. [23] developed an adaptive output feedback controller for trajectory tracking of USV by simultaneously considering the input saturation and underactuated problems. Moreover, considering the realistic model of USV with uncertainties, an adaptive observer based on the neural networks is designed in [23] to estimate the velocity of USV. Considering input saturation and modeling uncertainties, an adaptive sliding model controller is proposed in [24] for an underactuated USV using neural network, auxiliary dynamic system, and backstepping technique. To solve the problem of trajectory tracking of an underacutated surface vessel, Zhijian Sun, et al. [25] designed a PI sliding mode controller with a continuous adaptive term which is constructed to reduce the chattering problem. To achieve accurate trajectory tracking of USV with complex marine envrionments, a finite-time nonsingular fast terminal sliding control scheme are proposed by Wang et al. [26] . Specifically, the finite-time disturbance observer proposed in [27] and [28] is designed to estimate the unknown external disturbances from complex ocean winds, waves and currents.
Though several control algorithms are tried to achieve better tracking performance, few related works consider the integrated influence including the nonlinearities, various uncertainties and external disturbance. Thus, a nonlinear dynamic model considering various uncertainties (e.g., modeling error and parameter variations) and external disturbances (e.g., wind, wave, current) for USV is established in this paper. Subsequently, a disturbance-observer-based sliding mode control design is developed to achieve the good tracking performance, where the observer is designed to estimate and compensate the modeling uncertainties and external disturbance, and a saturation function is designed to avoid the chattering phenomenon of the traditional sliding mode control. Based on the Lyapunov stability theorem, the stability of the observer and overall closed-loop system of USV are guaranteed. The comparative simulations with different controllers and different desired trajectory are carried out and the results show the priority and effectiveness of proposed control design.
The remainder of this paper is organized as follows. Section 2 describes the nonlinear modeling and linear modeling of the USV system. Section 3 formulates the design of the slide-mode controller, the design and stability analysis of disturbance observer, and the stability analysis of overall closed-loop system. Section 4 presents the comparative trajectory tracking simulation with different controllers and its analysis. Finally, Section 5 describes the contributions of this paper and future research.
II. USV SYSTEM MODELING A. NONLINEAR MODELING
The USV model can be described as a 3-DOF system. Through constructing ground coordination and body coordination as in Fig.1 . The kinematic model of the USV in the planar motion can be described as follows:
where x, y and ψ are the global coordination of the USV, u, v and r are the translational velocities and yaw rotational velocity, respectively, as shown in Fig.1 , R (ψ) is the rotation matrix form frame {b} to frame {i}. The nonlinear dynamic model of the USV can be described as:
where τ τ x τ y τ n T is the control vector. M is the inertial matrix, C is the matrix of Coriolis, and centripetal term. D is damping matrix, d represents the uncertain dynamics (model uncertainty and the external disturbances). The matrices M ,C and D can be described as follows. In this paper, we assume that η and V are measurable.
where m is the USV's mass. I zz is the USV's moment of inertia about the rotational vertical axis passing through the origin of the body coordination. x G is the position of the gravity center. X * , Y * , Z * are hydrodynamic coefficients.
and
where m ii is the element of inertial matrix M . For the water-jet USV, the water-jet propulsion produces the driving forces and torque, which follow these equations:
where T is the water-jet propulsion force, δ r is the rudder angle, the x δ r is the distance from the water-jet nozzle to the gravity center o b (shown in Fig.1 ).
where d * is unknown positive constants. Simultaneously, due to that the disturbances d are usually considered to be superimposed by the low frequency period signals in the most working conditions [12] , thus it is assumed to have a low change rate, which meanḋ = 0.
B. LINEAR MODELING
To better analyze the performance of proposed control design near the equilibrium point, the USV is modeled near the equilibrium point in this section, the detailed analysis is in the following.
Define the equilibrium point as [11] :
Then, the surge dynamics can be derived with (3) and (8):
With the Nomoto's steering model [11] , the turn rate r is represented as a simple first-order dynamics with the rudder angle δ r :
Suppose u is almost unchanged and the yaw perturbation is small, the sway dynamics can be described as:
where β is the sideslip angle, β=atan2 v u and atan2 is an inverse function of the tangent function defined between −π and π .
According to the above derivation (9)- (11) , the linearized USV model can be summarized as follows:
The control objective is to design a dynamic output feedback controller with nonlinear dynamic model (3) or linear dynamic model (12) . With these controllers, the USV can track the desired trajectory:
are continuous and bounded.
III. THE SLIDING MODE CONTROL DESIGN WITH DISTURBANCE-OBSERVER
In this section, based on the reference trajectory η d ,η d ,η d produced by the USV desired tracking planner, a disturbanceobserver-based sliding mode controller is designed in Fig.2 using the nonlinear dynamic model of USV (3), where a disturbance-observer is designed to estimate and compensate the effect of various uncertainties (e.g., modeling error and parameter variations) and external disturbance (wind, wave, current, etc). Then, the overall stability of a closed-loop system is rigorously analyzed using the Lyapunov stability theorem.
A. CONTROLLER DESIGN
Define the sliding surface s [29] - [32] as: where e = η − η d , K = diag {k 1 , . . . , k i , . . . , k w }, i = 1, 2, . . . , w. Then the derivative of s can be calculated as:
whereη =Ṙ (ψ) V + R (ψ)V , which can be derived according to kinematic model (1) . Therefore, the control law τ for the USV can be designed as [33] - [37] : (17) where,d is the nonlinear disturbance observer, which is designed in the next subsection, sat(s) is a saturation function to avoid the chattering phenomenon, which is designed as:
is the positive boundary layer.
B. DISTURBANCE-OBSERVER DESIGN
To observe the modeling uncertainties and external disturbance of the USV, the disturbance observerd is designed as follows:
where,
H is a invertible constant matrix, which can be calculated by the Linear Matrix Inequality(LMI).d is the estimate value of the modeling uncertainties and external disturbance .
Since M and L are a constant, the derivative of P can be calculated from (20) and (21):
Asd = d −d is the observation error of disturbance d, the derivative ofd can be calculated as:
With regard to Assumption 1, the observation error function can be derived as:ḋ
Then,ḋ
Define the Lyapunov Function V d as:
where M is positive definite matrix. Then the derivative of V d can be calculated as:
V d =ḋ T H T MHd +d T H T MHḋ +d T H TṀ Hd
In order to satisfyV d ≤ −d T γd, the following inequality is constructed as:
where γ is the positive definite matrix. The LMI approach is used to calculate the H satisfying (29), where the detailed calculation is in the following.
Define Q = H −1 , the (29) can be derived as:
The schur complement, which can be defined as:
≥ 0, then (30) can be rewritten as:
There exists Q satisfying the inequality (31) , which can be calculated by LMI toolbox in Matlab. As H = Q −1 , the desired H in (20) can be calculated to satisfy the inequality (29) . Thus,V d ≤ −d T γd ≤ 0. As V d ≥ 0 andV d ≤ 0, d is bounded, and d = 0 when V = 0, which means the disturbance observerd is asymptotically stable, and the observation errord → 0 as t → ∞.
C. OVERALL STABILITY ANALYSIS
Consider the closed-loop nonlinear USV system, one theorem to guarantee the closed-loop stability of the whole system can be obtained as:
Theorem : With the uncertainties and external disturbances, by applying the controller (17) with the nonlinear disturbance observer (19) , the closed-loop nonlinear USV system is stable, and all the signals are bounded with the design of Lyapunov Function
Proof : Define the Lyapunov Function V m for the closed-loop USV system as:
where V s = 1 2 s T Ms, V d =d T H T MHd. The derivative of V m can be calculated as:
For
Theṅ
If s > , then the derivative of V m can be calculated as:
As the disturbance observerV d are asymptotically stable, d ≤ d (0) . Let the norm of ε as:
As V m ≥ 0 andV m ≤ 0, s,d are bounded, and e,ė are bounded. Furthermore, s = 0,d = 0 whenV = 0, which means the closed-loop nonlinear USV system is asymptotically stable when s > β, and e → 0,d → 0 as t → ∞. If s ≤ , then the derivative of V m can be calculated as: [27] , [38] .
which leads to (32) , and s,d are bounded. Then e,ė are bounded, and the control inputs τ are bounded. Thus, all the signals in nonlinear USV system are bounded when s ≤ . The proof of Theorem is complete. Based on the above proof, all the signals in the nonlinear USV system are bounded. With the design of nonlinear disturbance observer (19) in the controller (17), the modeling uncertainties and external disturbances d can be greatly observed, where the observation errorsd → 0 as t → 0. With the design of the controller (17), η → η d , the good position tracking performance is achieved.
IV. SIMULATION A. SIMULATION SETUP
To demonstrate the tracking performance of proposed control design, the comparative simulation is implemented on a benchmark prototype CyberShip II [27] , [38] , whereby principal parameters are summarized in Table 1 :
To illustrate the performance of the proposed control design, three controllers are compared, as shown below: C1: Adapative controller with linear identified USV model (proposed in [11] ). The control parameters are specified as k v = 100, k c1 = 1, k c2 = 1, d w = 0.1, τ = 0.1, γ u = γ β = γ r = 0.01. C2: PID controller with nonlinear USV model. The control law is designed as:
where K p = diag{100, 100, 100}, K d = diag{100, 100, 100}, K i = diag{20, 20, 20}.
C3: Disturbance − observer − based sliding mode controller with nonlinear USV model. The control law and disturbance observer are selected as (17) and (19), where K = diag{10, 10, 10}, ε = diag{100, 100, 100} with regard to (38) . In the disturbance observer (19) , let γ = diag{0.1, 0.1, 0.1}, then H can be calculated by LMI toolbox with regard to (29) , and the result is H = diag{0.1309, 0.1309, 0.1309}.
To testify the robustness of the proposed controller, the complex modeling uncertainties and external disturbances are assumed to be:
In addition, to make comparisons on the proposed control design with other counterparts in terms of both transient response and steady-state tracking performance, MIAC index [39] is used to evaluate it, which is designed as:
where j e represents the tracking errors x e , y e , ψ e , t 0 and t f represent the start time and end time of simulation. To make the trajectory tracking performance persuasive, the desired trajectory consist of straight lines and circles, which can represent somewhat realistic tracking performance in practical engineering. Two simulation sets with different desired trajectory are designed as follows: SET1: Trajectory around the specific equilibrium point SET2: Trajectory apart from the specific equilibrium point
B. SIMULATION OF SET1
In order to evaluate the trajectory tracking performance around the specific equilibrium point, the desired trajectory is selected as (45)-(47) and Fig.3 .
where
The initial condition of the USV in SET1 are set as: x (0) = 30, y (0) = 0, ψ (0) = π 2 , u (0) = 3, v (0) = 0, r (0) = 0. The comparative simulation results are shown in Fig.4-Fig.5. Fig.4(a) presents the trajectory tracking performance of USV with C1, C2 and C3 respectively. It can be observed that the USV follows the desired trajectory accurately and smoothly under complex uncertainties including external disturbances and unmodeled dynamics (43). In the meantime, the corresponding tracking errors of all control algorithms are shown in Fig.4(b) , which can effectively achieve ultimately bounded within a reasonable range, implying the stability and effectiveness of control design. Table 2 shows the MIAC value of different controllers in SET1. It can be seen that MIAC x e of C3 is 16.50% of C1 and 24.44% of C2, MIAC y e of C3 is 7.26% of C1 and 53.33% of C2, and MIAC ψ e of C3 is 56.86% of C1 and 11.55% of C2, which reflects that the proposed control design has better transient response performance and robustness than linear controller and PID controller with the trajectory around the specific equilibrium point.
Moreover, the estimate performance of observer (19) is depicted in Fig.5(a) , where the red curve represents the estimate value of disturbance and the blue curve represents the estimate value of observer (19) . Simultaneously, the estimate error is showed in Fig.5(b) , which can be closer converge to a reasonable range. Therefore, the stability and estimated capacity of the observer (19) are verified.
C. SIMULATION OF SET2
To verify tracking performance of the trajectory apart from specific equilibrium point, the desired trajectory of USV in SET2 is selected as (48)-(50) and Fig.6 . where T 1 = 10π , T 2 = 20π . The initial condition of the USV in SET2 are set as: x (0) = 0, y (0) = 0, ψ (0) = 0, u (0) = 3, v (0) = 0, r (0) = 0. According to the comparative simulation results shown in Fig.7-Fig.8 , the USV with different controllers presents good trajectory tracking performance, where the tracking error e and estimate errord are small. Table 3 shows the MIAC value in SET2 with different controllers. It can be seen that MIAC x e of C3 is 0.49% of C1 and 3.27% of C2, MIAC y e of C3 is 7.15% of C1 and 83.78% of C2, and MIAC ψ e of C3 is 1.59% of C1 and 4.40% of C2, which reflects that the proposed control design has better transient response performance and robustness than linear controller and PID controller with the trajectory apart from the specific equilibrium point.
Based on simulation results with different kinds of trajectory, it can be seen that the proposed control design has the faster response, better transient and robustness compared to linear controller C1 and PID controller C2, which verify the tracking priority and effectiveness of proposed control design.
V. CONCLUSION
In this paper, a disturbance-observer-based sliding mode controller has been proposed for finite-time trajectory tracking of USV based on nonlinear dynamic model with various uncertainties (e.g., modeling error and parameter variations) and external disturbances (wind, wave, current, etc). To estimate the modeling uncertainties and external disturbances, a disturbance observer is designed. Based on the estimated value of observer, a slide-mode controller is developed to track any desired trajectories including straight and other shape, where a saturation function is used to avoid the chattering phenomenon. Moreover, the overall stability of the observer and closed-loop nonlinear system is proved by the Lyapunov stability theorem. Then, a set of comparative trajectory tracking simulation is implemented, where linear controller and PID controller are implemented as comparative object. To evaluate trajectory tracking performance in terms of both transient response and robustness, MIAC index is calculated and results show that the proposed control design has faster response, better transient and robustness compared to other controllers, thus the superiority and effectiveness of proposed controller are verified. In the future, we will consider the impact of control input saturation and violent various external disturbances on system robust stability and tracking performance, and the practical experiments will be considered.
